Cu Nuclear Quadrupole Resonance Study of La2-a;Sr2;Cui yZny04 (a;=0.10, 0.15 and 
0.20): Zn-induced Wipeout Effect near the Magnetic and Electric Instability 
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We studied Zn-substitution effect on the high- Tc supercon- 
ductors, underdoped La2-a:Sra:Cui_yZny04 (a;=0.10; y=0, 
0.01, 0.02), optimally doped (a;=0.15; y=0, 0.02), and over- 
doped (a;=0.20; y=0, 0.03, 0.06) in a temperature range of 
T=4. 2-300 K, using Cu nuclear quadrupole resonance (NQR) 
spin-echo technique. We found full disappearance of the Cu 
NQR signals for the Zn-substituted, Sr-underdoped a;=0.10 
samples below about 40 K, partial disappearance for the Sr- 
optimally doped ones below about 50 K, but not for the over- 
doped a;=0.20 ones. From the Zn-doping, the Sr-doping and 
the temperature dependence of the wipeout effect, we asso- 
ciate the wipeout effect with Zn-induced Curie magnetism or 
its extended glassy charge-spin stripe formation. 
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I. INTRODUCTION 

Nonmagnetic Zn^+ ion has a closed shell of the 3c? elec- 
trons, so that it must not carry a local moment. How- 
ever, the actual Zn substitution strongly suppresses the 
transition temperature Tc of underdoped high- Tc super- 
conductors [1], induces a Curie-like uniform susceptibil- 
ity [2-7], and finally causes a quasi-elastic magnetic cor- 
relation [8]. In contrast to a simple dilution effect, Ya- 
magata, Inada and Matsumura discovered a significant 
loss of zero- field Cu nuclear quadrupole resonance (NQR) 
spectrum intensity (wipeout effect) for the Zn-impurity 
doped YBa2Cu307_5 [9]. Subsequent muon spin relax- 
ation study observed a Zn-induced magnetic fluctuation 
with a short relaxation time (< 10 /is) for the Zn-doped 
YBa2Cu30j, (?;=6.43-6.67) [10], and inelastic neutron 
scattering study observed the Zn-induced low frequency 
spin fluctuations around an antiferromagnetic wave vec- 
tor for the Zn-doped YBa2Cu3 06.97 [11,12]. Much atten- 
tion has been paid for the novel microscopic effect of Zn 
doping [13-15]. 

Here, the wipeout effect is defined as disappearance of 
the observable NMR or NQR signal around a rf frequency 
region in a longer time scale than a few /is. For the nu- 
clear spin system in a material, the temperature depen- 
dence of the integrated NMR/NQR signal should follow 
a Curie law, because the nuclear spins in athermal equi- 
librium state follow the Boltzman distribution. However, 
imperfection or impurity changes a spatial environment 
around the nuclei place by place, so that the NMR/NQR 



spectrum is broadened or split into several pieces. The 
nuclei around a magnetic impurity feel a strong local 
field from the impurity, so that several neighbor nuclei 
surrounding the impurity are unobservable. The strong 
wipeout effects have been observed for the lightly doped 
insulators [16] and the Co-doped high- Tc superconduc- 
tors [17]. From careful measurements of the Zn-doping 
dependence of the integrated Cu(2) NQR spectrum for 
YBa2Cu307_5, the first neighbor shell surrounding the 
Zn-occupied Cu(2) site was inferred to be unobserv- 
able [9]. Similar observation is reported in refs. [18,13]. 
The strong wipeout effect has also been observed for the 
underdoped La2_a;Sra;Cu04 {x <0.125), which is associ- 
ated with a charge-stripe ordering or its glassy nature 
[19-21]. 

In this paper, we report Cu NQR spectrum mea- 
surements for Zn-doped La2_a;Srj.Cui_j,Znj,04 with (Sr- 
underdoped x^O.lO; y=0, 0.01, 0.02), (optimally Sr- 
doped a;=0.15; y=0, 0.02), and (Sr-overdoped a;=0.20; 
y=0, 0.03, 0.06) in a temperature range of T=4.2-300 
K. We found that an enhanced wipeout effect due to 
the Zn doping occurs in the Sr-underdoped samples but 
not for the overdoped ones. For the Zn-doped x^O.lO 
sample, the Cu NQR signal completely diminishes below 
about 40 K. The diminished NQR signal recovers from 
the Sr-underdoped to the overdoped regimes. From the 
Sr-doping dependence of the Zn-induced wipeout effect 
and the temperature dependence of the wipeout effect 
from the normal to the superconducting states, we dis- 
cuss the origin of the Zn-enhanced wipeout effect. 



II. EXPERIMENTS 

Polycrystalline samples were synthesized by a con- 
ventional solid-state- reaction method from CuO, ZnO, 
SrC03, and La203, as described in refs. [22,23]. The X- 
ray diffraction patterns indicated single phases. Nearly 
the same amount of samples (about 1.8 g of fine pow- 
ders with grain radii less than about 20 mm), so as to 
include nearly the same number of the Cu sites, were 
prepared for the NQR measurements. All the samples 
for Cu NQR measurement were coated by paraffin oil. 
Tc was determined from polycrystalline resistivity. In 
Fig. 1, Tc is plotted as a function of Zn content y for 
Sr doping of a;=0.10. 0.15 and 0.20. The error bars are 
estimated from the onset of resistivity drop and zero re- 
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sistivity. ATc/A(100?y) is estimated to be -16 K/% for 
a;=0.10, -13 K/% for a;=0.15, and -7 K/% for x=0.20, 
which are similar to the reported values [11]. Zn doping 
suppresses Tc of the midcrdopcd materials stronger than 
of the overdoped ones. The critical impurity concentra- 
tion pc {Tc < 4.2 K) is estimated to be about 0.019 for 
a;=0.10 and about 0.042 for .t=0.20. 

A home-made, phase-coherent- type pulsed spectrom- 
eter was utilized to do Cu NQR experiments. The Cu 
NQR frequency spectra with quadrature detection were 
measured by integration of Cu nuclear spin-echoes with 
changing the frequency point by point in a two-pulse se- 
quence (7r/2-T-7r-echo). Transverse relaxation curves of 
the Cu nuclear spin-echo E{t) were also measured by 
the two-pulse method. A typical width of the first ex- 
citing 7r/2-pulsc t\Y was about 1 /is (the pulse strength 
ui '~250 kHz from 27ri/itvK=7r/2, or Hi ~128 G from 
37„ifitvK=7i'/2 with the ^^Cu nuclear gyromagnetic ratio 
7„), the time interval t for the NQR spectrum measure- 
ment was about 8~12 jjs, and the number of averaging 
times of spin-echos was about 1000. 

III. EXPERIMENTAL RESULTS 

Figure 2 shows the temperature dependence of the Cu 
NQR spectra of the Sr-underdoped 
Lai.9Sro.iCui_yZnj,04 with Zn doping of y=0, 0.01, 0.02 
(left) and of the Sr-overdoped Lai 8Sro.2Cui_j,Zny04 
with Zn doping of y=0, 0.03, 0.06 (right), at T=77 K 
(top), 30 or 35 K (middle), and 4.2 K (bottom). The ob- 
served Cu NQR spectra for Zn-free materials agree with 
the reported ones [24,25], which are understood by two 
sets (A and B) of ^^^^^Cu NQR hncs (the natural abun- 
dance ratio of ®^Cu/®'''Cu=0.69/0.31, and the resonance 
frequency ratio of ^^uq/^'^vq^ 0.211/0.195). The site 
assignment to A and B lines is given in refs. [24,25]. Ob- 
viously, Zn causes a strong wipeout effect for the under- 
doped materials at lower temperatures. Although some 
decrease of the Cu NQR spectrum has been reported for 
the Zn-frec .t=0.10 [19], we found that the Cu NQR sig- 
nals completely vanish at 4.2 K both for the Zn-doped but 
finite Tc sample (rc=13 K, y—0.01) and for the Zn-doped, 
non-superconducting one {Tc < 4.2 K, ?y=0.02). How- 
ever, Zn does not seem to affect the Cu NQR spectrum 
of the overdoped ones. Thus, Zn effect is quite different 
between the underdoped and the overdoped regimes. 

Figure 3 shows the temperature dependence of trans- 
verse relaxation rates, Lorentzian decay rates I/T2L 
(closed circles) and Gaussian decay rates I/T2G (open 
triangles), of the ^■^Cu(A) nuclear spin-echo decays (a) 
for the Zn-free x=0.10 and (b) for the Zn-doped a;=0.10 
(y=0.02), and (c) for the Zn-free a;=0.20 and (d) for the 
Zn-doped a;=0.20 (y=0.06). The relaxation times T2L 
and T2G were obtained from the least-squares fitting of 



a Gaussian-times-Lorentzian function E{t) = i?(0)exp[- 
0.5(2T/r2G)^ - {2t/T2l)] {E{0), T2L and T2G are the fit- 
ting parameters) to the experimental decay curves E{t). 
The Lorentzian component is predominant at low tem- 
peratures, which agrees with the previous similar report 
in the wipeout effect [19]. The magnitudes of I/T21, and 
I/T2G increase with decreasing Sr content. A decrease of 
1 /T2L at Tc in (a) and (c) starts at the onset of supercon- 
ductivity both for the Zn-free a;=0.10 and 0.20 {Tc ~29 
K). As the temperature decreases, the significant loss of 
the Cu NQR spectra occurs as in Fig. 2; nevertheless 
any strong divergence of the transverse relaxation rates 
was not observed for the Zn-doped, Sr-underdoped sam- 
ple in (b). For the Zn-doped, Sr-overdoped one in (d), 
an increase of I/T2L was observed down to 4.2 K below 
the Zn-free Tc -29 K. 

Figure 4 shows a typical separation of an observed Cu 
NQR spectrum of the (x, y):=(0.15, 0.02) sample at 4.2 K 
into two sets (A and B) oi^^ ^^^Cu NQR lines by Gaussian 
distribution functions (solid curves). The fitting proce- 
dure is the same as those in refs. [24,25]. 

In Fig. 5, the estimated full- width at half maximum 
(FWHM) of '^3Cu(A) NQR line is shown for a;=0. 10 (y=0, 
0.01, 0.02) (left) and for a;=0.20 (y=0. 0.03, 0.06) (right). 
The estimated FWHM is about ~2.0 MHz for x=0.10 and 
~2.2 MHz for x=0.20 above T=100, which seem to be 
independent of the Zn content y. At lower temperatures 
than about 100 K, the linewidth is slightly broadened to 
be ~2.3 MHz for both x. 

Figure 6 shows the temperature dependence of the in- 
tegrated intensity multiplied by temperature /(x=0.10, 
y), /(x=0.15, y) and I{x=Q.2,y) for the Zn-free and 
Zn-doped samples. Figure 7 shows the ratio of 
the integrated Cu NQR spectra, J(.t=0.10, j/=0.01, 
0.02)//(x=0.10, y==0), /(a;==0.15, 2/=0.02)//(a;=0.15, 
2/=0), and /(x=0.20, y=0.03, 0.06)//(a;=0.20, y=Q) 
(from the top to the bottom) as fimctions of temperature. 
Each integrated Cu NQR spectrum /(x, y) was corrected 
by a Boltzmann factor (l/T) and was extrapolated to 
T ^ by using the Gaussian-times-Lorcntzian function 
with the decay times in Fig. 3 [for the (x, j/) = (0.15, 
0.02) sample, the decay curve at 4.2 K was reproduced 
by a two-exponential function bettor than the Gaussian- 
times-Lorentzian, so that only /(x=0.15, y=0.02) at 4.2 
K was extrapolated by a two-exponential function]. 

As shown in Fig. 6, for the Zn-free x=0.10 sample, 
the Cu NQR spectrum decreases monotonically below 50 
K to 4.2 K, being consistent with the result in ref. [19]. 
This behavior is not observed for the Zn-free optimally 
doped x=0.15 and overdoped x=0.20 samples, whose Cu 
NQR signals increase with following a Boltzmann factor. 
In a higher temperature range of T=100-300 K, about 
20 to 30 % of the Cu NQR signal is wiped out with sub- 
stituting Zn impurities for x=0.10 and x=0.15 samples, 
while for overdoped ones (x=0.20) the strong wipeout is 
not observed in a whole temperature range. By using the 
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intensity ratio, one can observe a relative intensity loss 
of the Cu NQR spectrum at each temperature as shown 
in Fig. 7. For the Zn-doped underdoped a;=0.10 sam- 
ples, the Cu NQR spectrum completely disappears below 
about 40 K. For the Zn-doped optimal a;=0.15 samples, 
the wipeout effect is incomplete even at 4.2 K. For the Zn- 
doped overdoped x=0.20 samples, any loss of the signal 
intensity more than the site substitution is not observed. 

IV. DISCUSSIONS 

A. Sr-underdoping-induced wipeout effect and 
Zn-induced wipeout effect 

The strong wipeout effect has already been observed 
for the Zn-free, deeply Sr-underdoped La2-a;Sra;Cu04 
(1/16 < X < 1/8), which is associated with the charge- 
spin stripe ordering [19] or the glassy slowing-down 
charge-spin fluctuations with distributed spin fluctuation 
energy constants [20]. The charge-spin stripe ordering 
is theoretically proposed for doped Mott insulators [26], 
which is experimentally conflrmed to be stabilized for a 
specific composition [27,28]. 

The Zn-induced wipeout effect, additionally for a;=0.10 
but newly for x=0.15, is not due to a simple lattice dis- 
order, because any large broadening of the line width or 
change of the line shape is not observed. For x=0.15, the 
temperature dependent wipeout effect is obviously ob- 
served with Zn doping, which does not exist in the pure 
(x=0.15, j/=0). Thus, the wipeout effect for optimally 
doped samples of a;=G.15 is a purely Zn-induced wipeout 
effect. 

When the charge-spin stripe ordering is static 
at low temperatures, one must observe some pat- 
tern in a Zeeman-perturbed Cu NQR spectrum, 
broadened by an internal magnetic field up to 
aboout 85 MHz, as has actually been observed for 
a specific composition, i.e. La2-j;Ba,,.Cu04 with 

X -1/8 [29,20], L&2-a:-yST^YyCu04 with .T=l/8 [30], 

and La2-a.-j/Euj,Sr,j;Cu04 [31,32,20]. For the Zn-doped 
samplcis. however, wc did not observe any escaped sig- 
nal at lower or higher frequency regions than those in 
Fig. 2 down to 1.3 K. We also did not observe any large 
change of the line shape nor the line width as in Figs. 2 
and 5. Thus, even if the stripe fluctuations exhibit slow- 
ing down behavior at 40 K, it must keep the quasi-static 
nature down to 1.3 K. The temperature dependence of 
Cu NQR intensity could not tell us whether the wipeout 
sites make a stripe pattern or a random distribution on 
the Cu02 plane in real space. Direct spatial information 
is lack in the Cu NQR intensity. 

From previous works [19,20], it is shown that there is 
strong wipeout effect in an extensive Sr concentration re- 
gion (1/16 < a; < 1/8) without Zn impurities. Then, the 
Zn substitution effect may help to extend the wipeout 



region up to .x=0.15 and to increase the wipeout frac- 
tion more than the samples of y=0. This is similar to 
Nd- or Eu-codoping effect. For Nd- or Eu-codoped sam- 
ples, the optimal Tc with respect to x is suppressed, the 
specific Tc suppression region around a;=l/8 is broad- 
ened, and then the wipeout region is extended into the 
overdoping region up to .t=0.20 [20]. For Zn-substituted 
samples, the superconductivity itself is also suppressed, 
and the wipeout region is also extended up to a;=0.15. 
However, one should notice that there is a difference 
between the Sr-underdoping effect and the Zn-induced 
effect. The Zn impurities induce Curie magnetism but 
not the Sr underdoping [2-5] . The Zn doping readily in- 
duces a Curie-like uniform susceptibility for underdoped 
YBa2Cu3_a;Zna;07_5, which is assigned to local moments 
induced by Zn through *^^Y NMR study [14]. The Zn im- 
purity induces satellites of ^^Y NMR spectrum, which is 
not thought of the stripe pattern as in the a;=l/8 sys- 
tems [29-32,20]. The Curie-like uniform susceptibility is 
also observed for La2-xSr2,Cui_jyZny04 [2-5]. The ob- 
served strong wipeout effect due to Zn doping closely 
resembles that due to dilute magnetic alloys [33]. Thus, 
it is likely that Zn induces local moments near Zn and 
causes the strong wipeout effect in La2-a;Sra;Cu04. The 
Zn-induced Curie magnetism may extend a glassy state, 
similarly to the glassy stripe fiuctuations. These results 
are sharply contrast to what is expected from a simple di- 
lution effect, a dilute potential scattering for a Fermi liq- 
uid or normal residual density of states in a pair-breaking 
theory [34]. 

B. Wipeout effect without precursor 

The abrupt wipeout effect without any precursor is 
one of the characteristics of the Zn-doping effect. The Cu 
NQR signal vanishes fully or partially without divergence 
of the lincwidth nor of I/T2 around the onset tempera- 
ture T]\iQii{=40^60 K) of the wipeout effect. Unobserv- 
able nuclei suddenly increase at Tj^qh. This anomaly is 
not a conventional second order magnetic long-range or- 
dering. One may speculate that the low temperature 
electronic state on the Cu02 plane is microscopically 
and spatially segregated, so as to make it impossible to 
transfer information of electronic states from the unob- 
served sites to the observed ones. Such a segregated elec- 
tronic state being close to an antiferromagnetic instabil- 
ity is theoretically possible, if the superconductivity-to- 
antiferromagnetism transition is of first order [35]. The 
Mott transition is believed to be of first order. 

Let us illustrate schematically a model on spin fluctua- 
tions in Fig. 8, through the time spectrum of a muon spin 
relaxation M{t) (a) and the dynamical spin susceptibil- 
ity x" {Qin, w) as a function of frequency uj {Qin is an in- 
commensurate wave vector) (b), which are inferred from 
the wipeout effect without any precursor below Tmqr- 
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The arrows indicate the respective changes when coohng 
down below T^^qr- In Fig. 8(a), the dashed curves are 
extrapolated from longer relaxation components. Figure 
8(a) shows the appearance of a fast relaxation component 
(< 5 /zs) at lower temperatures. In Fig. 8(b), the shaded 
area is an observable NQR frequency region. The spin 
fluctuations peaked at a low frequency (^ 30 MHz) and 
at a high frequency (>10^ MHz) in Fig. 8(b) correspond 
to fast and slow relaxation components in Fig. 8(a), re- 
spectively. The present Cu NQR technique cannot detect 
such a fast relaxation component (< 5 /is) in Fig. 8(a). 

This model is qualitatively evidenced by recent muon 
spin relaxation (/iSR) [36] and inelastic neutron exper- 
iments [37]. The systematic study by muon spin re- 
laxation for La2-xSrj;Cui_yZnj^04 with extensive {x,y)- 
compositions indicates the existence of two characteris- 
tic temperatures Tf and Tg {Tf > Tg) [36]. With coohng 
down, a slowing down component in the spin fluctuations 
grows, first enters the /iSR time window at Tf and then 
freezes into a glassy state at Tg. These characteristic tem- 
peratures depend on the hole and Zn concentrations and 
go to zero at x=0.2 irrespective of Zn concentration. Up 
to x=0.2 both Tf and Tg increase with increasing Zn con- 
centration. After refs. [19,20], considering the diff'erence 
in the time scales between NQR and /iSR, our results are 
consistent with iJ.SR; the observed full wipeout effect on 
Cu NQR for a;=0.10 agrees with appearance of the short 
relaxation component with a dominant fraction below 
Tnqr ^ Tf. Recent inelastic neutron scattering study 
for the optimally Sr-doped Lai.85Sro.i5Cui_yZnj,04, in- 
dicates that a small amount of Zn impurities strongly 
modifies the dynamical spin susceptibility x"(^); ti new 
in-gap state is induced by Zn at low temperatures [37]. 
This can result in a fast relaxation component in Cu nu- 
clear relaxation. Unfortunately, the weight shift between 
the in-gap state and the original or the higher frequency 
spin susceptibility is not estimated within the existing 
data. In ref. [20], the large distribution function with 
respect to spin fluctuation energy is introduced to ac- 
count consistently for a short nuclear spin-lattice relax- 
ation time Ti of ^"^'^La NQR and a moderate Ti of Cu 
NQR. Our model with a short and a long relaxation times 
is in parallel to such a distribution model. 

V. CONCLUSION 

We observed Zn-induced wipeout effect in addition 
to already-known strong wipeout effect for underdoped 
Lai.9Sro.iCu04, purely Zn-induced wipeout effect for op- 
timally doped Lai.85Sro.i5Cu04, but small effect for over- 
doped Lai.8Sro.2Cu04. The abrupt wipeout effect with- 
out any precursor, one of the characteristics of the Zn- 
doping effect, suggests appearance of a spatially segre- 
gated electronic state at low temperatures. We asso- 
ciate this strong wipeout effect with the Zn-induced Curie 



magnetism or its extended effect of the glassy charge-spin 
stripe formation. Simultaneous magnetic and electric in- 
stability plays a key role in understanding the novel re- 
sponse quite sensitive to nonmagnetic Zn impurity. 
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FIG. 1. Zn-doping dependence 

of Tc of La2-a;Sra;Cui-yZnj,04 with Sr contents of a;=0.10, 
0.15, and 0.20. The amount of the Zn impurity to diminish 
Tc is estimated to be j/c=0.019, 0.028, and 0.042 for a;=0.10, 
0.15, and 0.20, respectively. 
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FIG. 2. Temperature dependence of Cu NQR frequency 

spectra of the Zn-doped, Sr-underdoped samples with a;=0.10 
(Zn contents of ?/=0, 0.01, and 0.02) (left) and of the 
Zn-doped, Sr-ovcrdoped samples with a;=0.20 (Zn contents 
of j/=0, 0.03, and 0.06) (right), at T=77 K, 30 or 35 K and 
4.2 K (from the top to the bottom). The Cu NQR signals for 
the Zn-doped, Sr-underdoped samples completely diminished 
at lower temperatures. 
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FIG. 3. Transverse relsixation rates, Lorentzian decay rates 
1/721, (closed circles) and Gaussian decay rates I/T2G (open 
triangles), of the Cu nuclear spin-echo decays at each peak 
frequency for the Sr-underdoped (left) and the Sr-overdoped 
samples (right). For the Zn-froo superconducting samples in 
(a) and (c), the decrease of the Lorentzian decay rate I/T2L 
is observed below Tc, irrespective of the wipeout effect. For 
the Zn-doped, Sr-underdoped sample in (b), no sizable di- 
vergence of I/T2L nor I/T2G is observed, when the Cu NQR 
signal diminishes at lower temperature. For the Zn-doped, 
Sr-overdoped sample in (d), I/T2L continues to increase be- 
low Zn-free Tn. 
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FIG. 4. A typical Cu NQR spectrum and the fit- 
ted results by the multiple Gaussian functions for 
La1.85Sro.15Cuo.98Zno.02O4 at 4.2 K. 
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FIG. 5. The temperature dependence of the full-width of 
half maximum of ®^Cu(A). Some broadening is seen at low 
temperatures. 
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FIG. 6. The temperature dependence of the integrated in- 
tensity multiplied by temperature /(x=0.10, y), /(a;=0.15, y), 
and I{x=Q.2, y) for the Zn-free and Zn-doped samples. 
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FIG. 8. A toy model to describe the full wipeout effect 
without any precursor below Tnqr- Schematic illustrations 
of the time spectrum of a muon spin relaxation M{t) (a) and 
of the dynamical spin susceptibility x"{Qin,i^) (Q in IS an in- 
commensurate wave vector) (b). The arrows indicate cooling 
down below Tnqr- In Fig. 7(a), the dashed curves are ex- 
trapolated from longer relaxation components. In Fig. 7(b), 
the shaded area is an observable NQR frequency region. 



FIG. 7. The ratio of the integrated Cu NQR spectra, I{x, 
y)/I{x, 0) with (a;=0.10; y=0, 0.01, 0.02) (top), (x=0.15; y=0, 
0.02) (middle) and (a;=0.20; y=0, 0.03, 0.06) (bottom), as 
functions of temperature. The dashed curve is a function of 
(1-0.01)12*^^°°/^ and the solid one is (1-0.02)12x3oo/t ^j^^ 
function of (1-a;)^" "' is a probability of finding the nuclei un- 
der an assumption that the Cure- type temperature dependent 
region around Zn is wiped out (the third nearest-neighbor 
sites to Zn axe assumed to be unobservable at T=300 K). 



7 



